The steel industry is going through transformations aiming at the innovation and use of alternative raw materials. Thus, the use of industrial wastes in synthetic slag production is considered an important alternative to search for new materials and waste reuse. Therefore, the aim of the current study is to study the use of synthetic slags in hot metal desulphurization. It was proposed the use of sodalite instead of uorspar and the use of marble waste instead of lime. Marble waste was characterized by chemical analysis, X-ray diffraction (XRD) and thermogravimetric analysis. The XRD showed the presence of compounds such as CaCO 3 , MgCO 3 and SiO 2 . Subsequently, simulations using Thermo-Calc were performed in order to obtain thermodynamic data of the present phases, and to compare them to experimental data. The experimental procedures were carried out at 1400 C. In addition, hot metal tests were performed using an alumina rotor to increase the desulphurization. In hot metal desulphurization, solid CaO phase was responsible for sulfur removal. Furthermore, Ca 3 O 3 .SiO 2 and Ca 3 O 3 .Al 2 O 3 phases limited the reaction, and their concentrations were higher in the slags with marble waste and sodalite, due to the presence of SiO 2 and Al 2 O 3 in these raw materials.
Introduction
Sulphur is found in steel in the form of manganese sulphide inclusions (MnS) and iron sul de I and II (FeS, FeS 2 ). These inclusions work as crack initiating points during the deformation process, since they are more plasticity than steel [1] [2] [3] . Thus, it is necessary to remove it to certain types of steel.
The most used method to remove sulphur from pig iron consists of using a lime (CaO) and uorspar 4) . The CaO reacts with the sulphur dissolved in the bath, forms calcium sul de (CaS) (eqs. (1) and (2)) 5) , and it is retained in the slag. The uorspar is added to the mixture as a ux.
[S] + CaO (S) ↔ CaS (S) + [O] (1)
According to Kawai et al. 6) , the desulphurization reaction rate is controlled by sulphur mass transfer through solid CaS layer formed on the CaO particle surface. The silicon in the pig iron composition leads to Ca 2 SiO 4 formation on the CaO particle surface. In addition, Takahashi et al. 7) conclude that the layer does not prevent sulphur diffusion.
The Ca 3 SiO 5 and CaAl 2 O 4 formed on the lime particle surface depend on the carbon, silicon and aluminium content found in the pig iron and silica and alumina found in the slag. There may be carbon monoxide (CO), tri-calcium silicate (Ca 3 SiO 5 ) and calcium aluminate (CaAl 2 O 4 ) formation, according to the respective reactions 8, 9) : The equilibrium sulfur levels for reactions (3) through (6) are very low (< 10 ppm). Therefore, there is no thermodynamic limitation to desulfurization. It is also important to consider the fraction of the solid and liquid phases, besides the composition of the slag to be added in the hot metal. This fraction in uences the phase uidity 6) . A fully liquid slag is not necessarily the best desulphurizing slag. Calcium uoride is used to enable this uidity. However, the uoride is used with some concern, due to the aggression it can in ict to the refractory lining. Another restriction to this material lies on the uoride available in the slag, which harms the environment 10) . Thus, the current study aims to adjust the desulfurizing synthetic slags used in the pig iron desulphurization process in order to replace the conventional uorite and lime by sodalite and marble waste. In addition, it aims to compare the results obtained through computational thermodynamic software to the experimental results.
Materials and Methods
Based on the raw materials composition, desulphurizing mixtures were suggested in order to investigate the replacement both uorspar and lime for sodalite and marble waste, as shown in Table 1 .
The rst two letters (CA and RM) represent the used material: (CA) represents conventional lime and (RM) represents marble waste. The third letter followed by a number identi es the used uidizing agent, namely: (F) uorspar and (S) sodalite and their respective percentages (5% and 10% of the total mass to the slag with conventional lime). The same CaF 2 and sodalite mass used in the conventional lime mixtures were kept in the slags with marble waste.
It was used one kilogram of pig iron in each desulphurization test. Additionaly, the amount of slag used in each bath was calculate to be 10 kg per ton of steel.
Characterization
The marble waste was analysed by X-ray diffraction, chemical analysis via X-ray spectrometry and thermogravimetric analysis.
Experimental tests
Pig iron containing 0.03% sulphur was used to perform the desulphurization tests, as it can be seen in Table 2 .
The desulfurization tests were conducted in an INTI vertical furnace, FE50RP model. One kilogram (1 kg) of pig iron was placed in an MgO-C crucible and put into a furnace at 1400 C. An alumina mechanical stirrer agitated the core of the bath. Argon was injected at 1 NL/min ow in the furnace-heating chamber to prevent pig iron oxidation. The experimental apparatus is shown in Fig. 1 .
Metal aliquots were obtained during the experimental procedure at 0, 5, 10, 15, 20 and 30 minutes via quartz vacuum samplers.
Computational thermodynamic simulations
The Thermo-Calc software was used in order to determine the equilibrium data. The SLAG3 database was used in this step. The methodology is summarized in Fig. 2 .
The initial slag is obtained by calculating the thermodynamic equilibrium of the initial mixtures alone. On the other hand, the equilibrium slag is obtained by calculating the equilibrium between the metal phase and the initial mixture. It was also performed a mass balance based on the desulphurization yield from physical experiments in order to obtain the nal slag.
Results and Discussion
3.1 Marble waste, CaO, CaF 2 and sodalite characterization 3.1.1 Chemical analysis Table 3 shows the composition of lime, sodalite, uorspar, Al 2 O 3 , MgO and marble waste. These materials were used to determine the desulphurizing mixtures formulation.
It is notice able that the lime contain 92.9% CaO. The sodalite is mainly composed of SiO 2 , Al 2 O 3 and Na 2 O. The marble waste contain 39.8% CaO and 14.4% MgO. This CaO content (39.8%) was taken into consideration to calculate the desulphurizing mixtures. Figure 3 depicts the X-ray diffraction analysis of the marble waste.
Mineralogical analysis by X-ray diffraction
The results showed that the marble waste consists of calcium carbonate, magnesium carbonate and silica (quartz). When carbonates are added into metal bath, it is decomposed 11) , and it may decrease the metal temperature, which may hinder desulphurization. Figure 4 shows the marble waste thermogravimetry analysis.
Thermogravimetric analysis of the marble waste
The thermogravimetric analysis shows that there was 42.1% mass loss in the range of 600 to 820 C 12) from both calcium and magnesium carbonates decomposition. There was no mass loss caused by moisture in the waste, since there was no mass variation up to 100 C. Table 4 shows the sulphur concentration variation according to time and to the desulphurization yields in each experiment. Equation (11) was used in order to calculate the desulphurization yields.
Analyses of the experimental results

Evaluating the results of pig iron desulphurizing slags
Where: Ef ciency will be shortened in η(%); [%S i ] is the initial sulphur concentration; and [%S f ] is the nal sulphur concentration. In order to better evaluate the tests behavior, sulphur variation curves were plotted according to the experiment time in Figs. 5 and 6. Figure 5 shows that the slags formulated against lime and uorite (CAF5 and CAF10) obtained better desulfurization yields. In addition, when the uorite content in the mixture increased from 5 to 10%, the desulfurization increased 0.6%. It was also observed that the slags contained both sodalite and lime (CAS5 and CAS10) showed yields of 85.9% and 75.5%, respectively. It may have occurred due to the formation of the Ca 3 O 3 .SiO 5 and Ca 3 O 3 .Al 2 O 3 compounds. According to Mitsuo 13) , these compounds have lower sulphur solubility, which blocks the S 2+ ions transference and delays the desulphurization.
According to Fig. 6 , the slags containing uorite (RMF5 and RMF10) showed 86.1% and 90.2% of desulfurization, respectively. These values were closely to those compositions obtained without marble waste addition. Furthermore, the presence of MgO in the waste composition indicates no in uence under desulfurization ef ciency, which can be a positive point, once it can protect the refractory material of the reactor. Table 5 shows the sulphur, silicon, carbon and manganese equilibrium concentrations in the pig iron.
Analysis of the experimental tests by computational thermodynamics
The mixtures values are close to that of the equilibrium sulphur, which indicates that the slags have the same thermodynamic potential to remove sulphur. Thus, kinetic factors may be fundamental to describe the best desulphurizing synthetic slag. The phases found in the initial mixtures were calculated by Thermo-Calc (Table 6 ) in order to identify both liquid and solid fractions phases at 1400 C.
The slags containing uorspar have higher liquid phase concentrations than the slags containing sodalite. This behavior is due to the solid compounds formation when sodalite was added, as shown in Fig. 7 , obtained from Table 1 16) , increasing the of 3CaO.SiO 2 , 3CaO.Al 2 O 3 and 2CaO.SiO 2 compounds in the slag is detrimental to the desulphurization, since it can form a layer around the CaO particles, and it hinders sulphur diffusion into the particle core of CaO. [16] [17] [18] [19] , these compounds impair the desulphurization, once a solid-phase layer is formed around the CaO particle, which limiting the sulphur mass transportation.
Effect of Ca
Effect of the liquid and solid phase fraction on pig iron desulphurizing slags
The metal-slag equilibrium calculation was performed in order to determine the most effective phase (liquid or solid) in pig iron desulphurization. Table 7 shows the results of the liquid phase equilibrium composition and mass obtained by Thermo-Calc.
The slags compositions shown in Table 7 and the initial composition of the pig iron (Table 2) were used to generate the equilibrium data using only the liquid fraction of the formed slag. The results can be seen in Table 8 .
It is observed that the equilibrium sulphur values found in Table 8 were higher than the values determined in ten minutes of experiment. It appears that the liquid phase plays a secondary role in pig iron desulphurization, since the liquid-phase fraction is lower than that of the solid phase. The sulphur removal from the metal is held by CaO solid particle, which is carried to the metal core by stirring, and reacts with sulphur in order to form CaS.
The role of the liquid phase consists to dissolving both CaS and tricalcium silicate to prevent the formation of these phases around the CaO particle.
The liquid-phase behavior becomes evident when a mass balance is conducted in order to determine the nal slags composition as well as to calculate the slags phases at 1400 C. The phases formed in the nal slags are shown in Table 9 .
The results showed that the liquid phase percentage of the nal slags was higher than that from initial slags. The data from Table 9 were used to develop trend lines, which shows the relation between the CaS and the tricalcium silicate (Ca 3 O 3 .SiO 2 ) formed in the nal slags, according to the liquid phase fraction. These trend lines can be seen in Figs. 9 and  10 .
The increase of liquid slag phase led to decrease in the CaS content and tricalcium silicate formed, which indicates that the liquid phase dissolves these phases. Such fact prevents the formation of those phases around the CaO particle, which hinders the desulphurization. Thus, the best mixtures should contain higher solid CaO percentage and lower percentage of Ca 3 O 3 .SiO 2 and Ca 3 O 3 .Al 2 O 3 phases in working temperature.
Calculating the rate constant (k)
The eq. (12) 20) gives the desulfurization relationship.
Integrating the eq. (12), considering the limit condition when t = 0 and [%S] = [%S 0 ], it is possible to obtain the eq. (13) .
Where, %S 0 : Initial sulphur concentration in the metal; %S eq : Equilibrium sulphur concentration in the metal; %S t : Sulphur concentration at time t in the metal. Figure 11 shows the relation between the in uence of phases (Ca 3 ) adversely affects the rate constant and consequently decrease the sulphur removal from the metal. In this case, the tricalcium silicate is formed around the lime particle, which hinders the diffusion in the interface and delays the desulphurization. The relationship between the solid CaO concentration and the rate constant (k) can be seen in Fig. 12 .
The results showed that the rate constant (k) increased when solid CaO percentage also increased. This result conrms that the solid CaO is the desulfurizing phase in pig iron.
Conclusion
The results showed that the marble waste is mainly composed of calcium and magnesium carbonates. The thermogravimetric analysis indicated 42.1% mass loss due to carbonates decomposition. The mixtures added with sodalite showed higher solid compounds (Ca 3 O 3 .SiO 2 and Ca 3 O 3 .Al 2 O 3 ) concentrations than the mixtures added with uorite, since sodalite contain SiO 2 and Al 2 O 3 . Slags formulated with lime and uorite (CAF5 and CAF10) showed desulphurization yields of 96.5 and 97.1%. In addition, there was 0.6% desulphurization increase when the uorite content in the mixture increased from 5 to 10%. Slags contain sodalite and lime (CAS5 and CAS10) showed yields of 85.9% and 75.5%, respectively. It may have happened due to the formation of Ca 3 O 3 .SiO 2 and Ca 3 O 3 .Al 2 O 3 compounds. Slags added with uorite (RMF5 and RMF10) showed 86.1% and 90.2% desulfurization, respectively. Depending on the sulfur content to be reached, marble waste and sodalite may be a viable economic and environmental alternative to replace lime and uorite. Fig. 11 Relation between the rate constants according to the dicalcium trisilicate, the tricalcium aluminate and the desulphurization yields of pig iron desulphurizing slags. Fig. 12 Relation between the rate constant and the solid CaO in the pig iron desulphurizing slags. 
